In a nonadhesive environment, cells will self-assemble into microtissues, a process relevant to tissue engineering. Although this has been recognized for some time, there is no basis for quantitative characterization of this complex process. Here we describe a recently developed assay designed to quantify aspects of the process and discuss its application in comparing behaviors between cell types. Cells were seeded in nonadhesive micromolded wells, each well with a circular trough at its base formed by the cylindrical sidewalls and by a central peg in the form of a right circular cone. Cells settled into the trough and coalesced into a toroid, which was then driven up the conical peg by the forces of self-assembly. The mass of the toroid and its rate of upward movement were used to calculate the cell power expended in the process against gravity. The power of the toroid was found to be 0.31 ± 0.01 pJ/h and 4.3 ± 1.7 pJ/h for hepatocyte cells and fibroblasts, respectively. Blocking Rho kinase by means of Y-27632 resulted in a 50% and greater reduction in power expended by each type of toroid, indicating that cytoskeletal-mediated contraction plays a significant role in the self-assembly of both cell types. Whereas the driving force for self-assembly has often been viewed as the binding of surface proteins, these data show that cellular contraction is important for cell-cell adhesion. The power measurement quantifies the contribution of cell contraction, and will be useful for understanding the concerted action of the mechanisms that drive self-assembly.
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3D cell culture | cellular mechanics | systems biology | multicellular aggregate T he self-assembly of cells into microtissues, often viewed as a passive process driven by chemical forces resulting from binding of cadherins expressed on cell surfaces (1, 2) , is now thought to be a more complex process. Recent work has shown that the cytoskeleton also plays an important role in force generation, stability, and self-sorting of microtissues (3) (4) (5) (6) . Thus, self-assembly is a complex process involving multiple protein mechanisms working in concert.
Self-assembly and the cell-cell adhesion that drives it are relevant to tissue formation, morphogenesis, and disease. However, little quantitative data are available on the forces driving self-assembly. At the molecular level, precise measurements of the binding strength and energy of adhesion of surface proteins (7, 8) as well as the force of contraction of the actin cytoskeleton (9, 10) have been made. On the cellular level, traction-force microscopy has been used to measure the adhesion forces of single cells on flat substrates (11) (12) (13) , and fibroblast-populated collagen gels have been used in the study of cell-matrix interactions (14) . However, cell-cell interactions in a 3D environment have not been fully investigated. Doing so requires a quantitative systems biology approach that can be used not only to quantify the aggregation and self-assembly of groups of cells but also to quantify the contributions of specific proteins and protein systems to the process.
In the past, we have reported observations on the behavior of monodispersed normal human fibroblasts (NHFs) when seeded in a nonadhesive micromolded hydrogel cylindrical well (15) . For the case of a well with a base in the form of a circular trough defined by the outer surface and a central conical peg, the cells rapidly self-assembled into a microtissue in the form of a multicellular toroid. The forces of self-assembly were strong enough to drive the toroid up the slope of the peg from its base to its summit (4). Here we describe a unique assay to measure these forces. In particular, the assay provides a measure of cell power defined as the rate of work done against gravity as such a selfassembled multicellular toroid moves up a conical peg of known geometry. The assay was used to compare behaviors of two cell types, the NHF and a rat hepatocyte cell line (H35). We found that, regardless of the slope of the conical peg, rapidly selfassembling NHF toroidal microtissues reached a particular height in just 2 h, whereas the H35 toroids assembled more slowly and required at least 48 h to reach the same prescribed height for all slopes considered. These data were used to calculate the power of NHF toroids, which was found to be an order of magnitude greater than that of the H35 toroids.
In addition to these comparisons, the contributions to the cell power of specific protein systems were quantified. When treated with the Rho kinase (ROCK) inhibitor Y-27632, power output of an NHF toroid decreased by ∼50%. When H35 toroids were treated with the same inhibitor, their power output decreased by 85%, an unexpected result, as H35s are not considered to be a contractile cell type. These data indicate that active cellular contraction has an important role in the self-assembly of both highly contractile NHFs as well as the noncontractile H35s. The assay has the advantage of being a straightforward noninvasive, noncontact method for measuring the forces of self-assembly. Cell power is a quantitative systems biology measurement for comparing the behavior of different cell types with the potential to quantify the contributions of specific proteins or protein systems to the complex process of self-assembly.
Results
To investigate the forces governing the self-assembly of 3D microtissues from monodispersed cells, we chose the toroid and designed a 3D micromold made of polyacrylamide (Fig. 1) . This nonadhesive micromold contained a single row of toroid wells. To vary loading conditions, we fabricated micromolds with conical pegs of differing slopes which were measured to be 84.2 ± 2.6°(85°), 65.9 ± 4.9°(65°), and 55.1 ± 3.4°(55°). When a cell suspension was seeded, the cells settled to the bottom of the circular trough and were confined by the chamber wall at the outer edge of the trough and by a conical peg on the inner edge of the trough. As a result of cell-cell interactions, they assembled into toroidal microtissues. The integrity and symmetry of the toroid were maintained, with the forces of self-assembly tending to drive the toroid up the cone (Fig. 2) (Movies S1 and S2).
To determine the minimum number of cells needed to form a toroid, we seeded micromolds with varying numbers of either NHFs or H35s and assessed toroid formation after 17 h for three slopes (Fig. 3) . For both cell types, toroid formation was 100% for all three slopes when seeded with 21,000 cells per toroid or greater. The cell number at which toroid formation was 50% for NHFs was 8,000, 6,000, and 5,000 cells for the 85°, 65°, and 55°s lopes, respectively, and for the H35s it was 3,000 cells for all three slopes. These data suggest that the initial and rapid events of NHF toroid formation are slope (load)-sensitive but, once formed, the NHF toroid is stable and progresses rapidly. For subsequent experiments, we seeded micromolds with 21,000 cells per well for both cell types to assure 100% toroid formation and to minimize size.
Using side-view microscopy, we measured the vertical distance traveled by the toroid (height), its major radius, and its minor radius as it moved up the three slopes. Over an 8-h period, the height of NHF toroids increased with time and was comparable for all three slopes (Fig. 4) . In contrast, H35 toroids climbed the conical pegs at a much slower rate. Within 2 h, NHF toroids moved an average of almost 170 μm for all three slopes, whereas H35 toroids were much slower and required 48, 72, and 96 h on the 55°, 65°, and 85°slopes, respectively, to reach the height NHF toroids had attained in only 2 h. Unlike the NHFs, the distance traveled by the H35 toroids was dependent on the slope of the peg, with samples on the 65°and 85°slopes climbing an average of 33 and 50 μm less, respectively, in the first 24 h, than the 55°samples. By changing the slope of the peg from 55°to 65°, the component of the toroid's weight opposing its motion is increased by 10%. Likewise, the change from 55°to 85°results in an 18% increase in loading. For H35 toroids, a 10% increase in loading (55°to 65°) decreased the height 28%, whereas an 18% increase in loading (55°to 85°) led to a 42% decrease in toroid height.
The values for the major and minor radii were used to calculate the volume of each toroid for the duration of the experiments using the equation
, where a is the major radius and b is the minor radius. Changes to the volume of the toroid for all three slopes were not statistically significant, with volume fluctuations being less than 4.4%, 1.6%, and 1.6% for the 85°, 65°, and 55°slopes, respectively, for the NHF microtissues and less than 0.5%, 3.6%, and 4.7% for the 85°, 65°, and 55°s lopes, respectively, for the H35 microtissues.
The cellular forces of self-assembly that drive the toroid up the cone must overcome the gravitational forces resisting its movement. To estimate the mass of the toroid, we measured the density of individual cells in cell-culture medium and computed density from the settling rate. The density of single NHF and H35 cells was 1.05 ± 0.01 and 1.08 ± 0.02 g/cm 3 , respectively. Thus, based on toroid volume and density of the cells, we calculated that a toroid of 21,000 NHFs has a mass of 4.36 μg and a toroid of the same number of H35s has a mass of 6.98 μg.
The rate at which the cellular forces of self-assembly work to move a toroid up the cone is power: P = ΔW/Δt, where ΔW is work necessary to move a toroid of a given mass to a given height and Δt is the time over which the work is performed. Cell power is an indication of the rate of self-assembly in terms of the energy output. From measurements of toroid height and weight, we calculated cell power as a function of time (Fig. 4) . For both cell types, cell power gradually decreased over the course of the experiments; however, only the cell power of H35 toroids was dependent on slope. Specifically, at 2 h, the power output of an NHF toroid was 3.8 ± 0.9, 4.1 ± 1.6, and 4.7 ± 1.6 pJ/h for the 85°, 65°, and 55°slopes, respectively, whereas the power exerted by an H35 toroid of the same cell number to a height comparable to that of an NHF toroid was only 0.24 ± 0.01, 0.31 ± 0.01, and 0.49 ± 0.04 pJ/h for the 85°, 65°, and 55°slopes, respectively. If we assume that all cells within a microtissue exert equal power, the power per cell for all three slopes averaged to 0.2 fJ/h per NHF and 0.02 fJ/h per H35. For an H35 toroid to reach the height of an NHF toroid in the same time, it would have to increase its power output by about 93%.
To elucidate the contribution of cytoskeletal-mediated contraction in terms of cell power, NHFs and H35s were treated with 10 and 100 μM Y-27632, an inhibitor which blocks ROCKmediated contraction by preventing the formation of stress fibers and the phosphorylation of myosin light chains. Treated cells were seeded in micromolds equilibrated in Y-27632, and sideview images were taken at 2-h intervals for 8 h for NHFs and at 24-h intervals for 96 h for H35s. Y-27632-treated toroids still moved up the conical pegs, but did not climb as high as the untreated controls for both NHFs and H35s (Fig. 5) . Specifically, significant differences were seen between controls and treated samples (10 and 100 μM Y-27632) for all three slopes. Toroid height and weight were used to analyze the power output of the NHFs (Table 1) . After 2 h, inhibiting ROCK (with both 10 and 100 μM Y-27632) led to a 49 ± 9% decrease in power for NHFs. Similar to NHFs, H35-treated toroids did not climb as high as control samples, with ROCK inhibition decreasing H35 toroid height for all three slopes in a dose-dependent manner. Toroid sensitivity to slope was also exhibited, with 65°and 85°drug-treated samples stalling completely at later time points whereas the 55°drug-treated samples continued up the cone for the duration of the experiment. ROCK inhibition also substantially decreased H35 power output, with an average power decrease of 58 ± 7% for the 10 μM and 83 ± 2% for the 100 μM Y-27632-treated samples over all time points.
Discussion
Most studies on the cell-cell adhesion that drives self-assembly are qualitative and have focused on the self-sorting of a mixture of cells (1, 16) , the role of cadherins (17) , and the influence of surface tension (1, 2) . In this study, we have developed a unique assay to measure cell power, a quantitative measure of the work output of self-assembling cells. The assay is well-suited to measuring the small forces of self-assembly that occur with relatively slow kinetics in groups of living cells. Unlike other assays, which use compression testing (16), the assay does not contact or manipulate the microtissues, which could alter its properties. Because the assay incorporates only time and the influence of gravity, loads on the microtissues are precise and reproducible and instrument calibrations are unnecessary. The geometry of the cone can be carefully controlled, reproduced, and measured. Moreover, the influence of gravity can be modulated by changing the slope of the cone to induce a variety of loading conditions.
A power measurement is a systems quantitative measure of a multicomponent system (mechanical, chemical, and surface energy) that drives self-assembly. Much attention has been focused on the role of cadherins, and it has been shown that within a single cell type, expression of cadherins has a strong influence on self-assembly (2). However, it has also been shown that cytoskeletal-mediated tension affects self-assembly (3, 6). Further, it is well-known that in addition to cadherins, cells have numerous other surface proteins responsible for cell-cell adhesion and that the types of these proteins and their levels vary widely between different cell types, as do the proteins that participate in cytoskeletal-mediated tension (18) (19) (20) (21) (22) . A power measurement takes into account the action of all these protein systems as well as those that might act to resist cell-cell adhesion such as differences in the stiffness and viscoelasticity of cells or levels of antiadhesive proteins. Power measurements can be used as a point of reference for comparing cell types. We have observed that the driving forces behind the self-assembly of NHFs are significantly greater than those of H35s and are of a magnitude (strength and/or rate) that is unaffected (or unobservable) even under an 18% increase in loading.
Power measurements can also be used to quantify the specific contribution of cellular components to self-assembly. Recent work from our laboratory demonstrated that myosin motors participate in the stability (3, 5) and sorting (3) of NHF micro- tissues, and others have shown their role in zebrafish embryos (6) . When ROCK was inhibited in our experiments, power output of an NHF toroid decreased by about 50%. This result is not surprising for NHFs, a cell with well-known contractile properties; but, when ROCK was inhibited in H35 toroids, power output decreased by 85%, indicating the importance of the cytoskeleton in the self-assembly of both contractile and noncontractile cells. Although the power associated with ROCK in H35s is significantly lower than that of NHFs (0.25 compared with 2.1 pJ/h, respectively), ROCK-associated power is a larger proportion of the total power driving self-assembly of H35s compared with NHFs (85% versus 50%, respectively). Several reasons could explain why ROCK contributes a larger percentage to H35 selfassembly. H35s are a denser cell (0.03 g/cm 3 greater than NHF) and so when cellular contraction is blocked, the effect of the cell's weight could be further amplified. When loading was decreased by lowering the slope of the peg, H35 toroids traveled farther up the peg, indicating that the weight of the microtissue is a limiting factor in its power output. Another possible explanation could be that NHFs have a radially arranged cytoskeletal network (3), whereas H35s, as an epithelial cell, have a cortically arranged cytoskeletal network (23) . A radial cytoskeletal network may be more efficient at exerting power than a cortical cytoskeleton, and so an even higher dose of Y-27632 may be necessary to fully block Fig. 4 . NHF toroid height and power output were independent of slope and of a much greater magnitude than that of the H35s. The distance traveled by the toroids up the conical pegs was measured as a function of time and peg slope of 85°( white), 65°(gray), and 55°(black) for NHFs (A) and H35s (B). Movement of NHF toroids was rapid, and differences between slopes were not statistically significant. Movement of H35 toroids was slower, and the differences between the 85°and 65°slopes and the 85°and 55°slopes at 24 and 48 h were statistically significant. At 72 and 96 h, differences between the 85°and 55°and the 65°and 55°were statistically significant. Cell power was calculated as a function of potential energy over time for NHF (C) and H35 (D) microtissues for the 55°(black circles), 65°(gray circles), and 85°(triangles) slopes. The power output of H35 microtissues decreased substantially as the slope of the central peg increased (P < 0.05). For NHFs, n = 7, 9, and 6 for the 85°, 65°, and 55°, respectively. For H35s, n = 9, 8, and 5 for the 85°, 65°, and 55°, respectively. Error bars are SDs. Fig. 5 . Inhibition of ROCK-mediated contraction using Y-27632 impeded toroid motion up the conical peg of both NHFs and H35s. NHFs were treated with 0 (A, C, and E) and 100 (B, D, and F) μM Y-27632 and were seeded in drug-equilibrated gels with 55°(A and B), 65°(C and D), and 85°(E and F) slopes. As early as 2 h, drug-treated NHF samples were significantly lower on the peg than control samples. H35s were also treated with 0 (G, I, and K) and 100 (H, J, and L) μM Y-27632 and were seeded in drug-equilibrated gels with 55°(G and H), 65°(I and J), and 85°(K and L) slopes. The effect of drug treatment was visible after 24 h. (Scale bar, 200 μm.) contraction in NHFs. A third reason may have to do with the pathways used for contraction. The ROCK system and the myosin regulatory light chain kinase system (MLCK) are two distinct pathways involved in contraction of NHFs (24, 25) . By blocking the ROCK pathway in NHFs, the MLCK pathway may compensate and mask the full effect of blocking contraction. In addition, the MLCK pathway may not play as much of a role in the self-assembly of H35s as it does in NHFs. It is also possible that a greater proportion of NHFs' self-assembly power resides with its surface binding proteins due to higher expression and/or energy of these proteins.
One theory of self-assembly is that cells minimize surface free energy by maximizing intercellular adhesion (1). This theory also states that a mix of two different cell types will self-sort due to differences in adhesion and cohesion, like the behavior of two immiscible fluids (1). In this theory, the apparent surface tension is regarded as the sole factor determining the formation and structure of self-assembled microtissues. Within a single cell line it was demonstrated that spheroid surface tension was directly proportional to cadherin expression, with cells with increased cadherin levels moving to the center of mixed spheroids (2, 16, 17) . With this model, the process of self-assembly was deemed to be passive and even likened to soap bubble formations (26) . However, recent data have shown that the strength or specificity of cadherin bonds alone do not predict sorting behavior in selfassembly (7). Our power measurements reveal that self-assembly is not a passive process and that cytoskeletal-mediated tension is a major contributor for both cell types. In addition, because cell power takes a systems biology approach, it may be useful for predicting the sorting behavior of different cell types as well as the sorting behavior of one cell type when a population of the cells has been treated to decrease or increase the function of a specific protein.
Power measurements may be an interesting point of reference between measurements of the energies of purified proteins as well as protein systems from single cells. The power output by an NHF toroid is 2.5 pJ (between 2 and 4 h, 65°slope) and the energy of cadherin bonding is 4-48 × 10 −21 J per cadherin bond (27) . This power output is equivalent to the formation of 52-625 million cadherin bonds. If cadherin bonding alone drove the 20,000-μm 2 change in toroid surface area that occurs over 2 h, we estimate it would require 2.6-31 thousand cadherins/μm 2 on the outer surface of the toroid (3-39 million cadherins per cell). When overexpressed by genetic modification there are 20,000-250,000 cadherins per cell, and in cadherin binding strength experiments (8) artificial monolayers have between 2,000 and 4,000 cadherins/μm 2 (27) . Likewise, the force produced by focal adhesions of single cells is ∼30 nN in a period of 5 min (10) . A cell with ∼25 focal adhesions would have a power output of ∼4 fJ/h per cell, higher than our measure of 0.2 fJ/h per cell. However, it should be kept in mind that the focal adhesion measurements were made on a stiff substrate (megapascals) (10) , and self-assembling microtissues are significantly less stiff (kilopascals) (11) .
Last, unlike other models of self-assembly, a cell power analysis does not assume that the system is thermodynamically closed, nor is it confined by assumptions about how the system operates. For example, cell power does not assume that the system is driven solely by passive surface interactions (which ignores proteins inside the cell and the chemical energy derived Fig. 6 . Toroid height was dependent on Y-27632 concentration for both NHFs and H35s. For all slopes, ROCK inhibition decreased the final height reached of NHF microtissues (P < 0.05 between control and drug-treated samples). The motion of NHFtreated toroids was altered in a dosedependent manner for the 55°slope (A) as the dose was increased from 0 (black) to 10 (gray) to 100 (white) μM. However, dose dependency was not observed for the 65°( B) and 85°(C) slopes, as 10 μM Y-27632 was sufficient to inhibit the motion of the microtissue to its fullest. ROCK inhibition altered the height achieved by H35 microtissues in a dose-dependent manner for all slopes (D-F are 55°, 65°, and 85°, respectively) (P < 0.05). Error bars represent SDs.
from ATP), nor does cell power assume that the system is driven by the cytoskeleton alone, ignoring the binding of surface proteins. A cell power measurement quantifies the amount of energy expended and so is a useful point of comparison for cell types from different tissues. And, as our ROCK inhibition data show, it can be used to quantify the contribution of specific proteins and protein systems to self-assembly regardless of their cellular location or mechanism of action. Such information is important for a fundamental understanding of cell-cell adhesion and may be useful for applications in tissue engineering. For example, cell power measurements could be used with selected pharmacologies or genetic tools to tailor the tissue assembly process. Previously, we have shown that H35s will readily form a stable microtissue in the shape of honeycombs or a loop-ended dogbone; however, NHF microtissues in the same configuration will self-assemble, stretch, and ultimately fail (4, 5) . NHF dogbone structures can be stabilized by treatment with Y-27632 (5) . From this study, we know that drug-treated NHFs have a reduced power of 0.10 ± 0.01 fJ/h per NHF, and so power measurements may be useful for predicting the stability of complex shaped microtissues. Power measurements may also be useful for understanding the self-sorting of mixtures of cells with those cells of higher cell power occupying the core of a spheroid. In a prior study, NHFs treated with Y-27632 formed the outer coating when mixed with untreated NHFs, and in mixes of NHFs and H35s, NHFs formed the inner core (3).
Materials and Methods
Micromold Design and Gel Casting. Toroid molds were designed using the computer-aided design (CAD) software SolidWorks (SolidWorks). Three mold geometries were designed in which the slope of the central peg was modified to be 85°, 65°, and 55°. The circular round bottom troughs were 400, 350, and 300 μm in diameter and the central pegs were 600, 650, and 780 μm for the 85°, 65°, and 55°slopes, respectively. For the 85°and 65°slopes the micromolds contained 12 wells and for the 55°slope 11 wells. CAD files were used to produce thermowax molds with a rapid prototyping machine (3D Systems).
The wax molds were used to cast 13% polyacrylamide gels. Gels were removed from the wax molds and transferred to six-well culture plates. The gels were rinsed with fresh culture medium and then equilibrated overnight at 37°C in 4 mL of DMEM supplemented with 10% FBS and 1% penicillin/ streptomycin (pen/strep). After equilibration, the medium was removed and the gels were rinsed with fresh medium.
Cell Culture and Gel Seeding. NHFs (passages 3-10), derived from neonatal foreskins, and H35s (passages 4-12) were grown in T-175 flasks in DMEM with 10% FBS and 1% pen/strep at 37°C and 10% CO 2 . Cells were removed from flasks using a standard trypsin process. Briefly, cells were exposed to 0.05% trypsin for 10 min, quenched with serum-containing medium, spun down at 800 rpm for 6 min, resuspended in a known volume of medium, and counted. Seventy microliters of cell solution was added to each hydrogel. After 30 min, 3 mL of fresh medium was added to each of the wells. Images of the samples were taken every 2 h for 8 h for NHFs and every 24 h for 96 h for H35s. To determine the minimum number of cells necessary to form a stable toroid, 1,000-30,000 cells per well were seeded in the 85°, 65°, and 55°gels. Toroid formation was assessed using side-view microscopy 17 h after seeding.
For drug inhibition studies, Y-27632 (Sigma-Aldrich) was dissolved in culture medium and brought to a stock concentration of 200 μM. The stock solution was further diluted in culture medium to obtain solutions with concentrations of 10 and 100 μM. Before cell seeding, gels were equilibrated for at least 2 h in drug-containing medium and cells were resuspended in drug-containing medium. Cells were then seeded in the gels and imaged.
Cell-Density Measurements. Monodispersed cells were pipetted into the micromolds and side-view time-lapse images were taken to measure the rate at which individual cells settled. Settling rates were used to calculate the density of the H35s and NHFs using a force balance for the drag force on a sphere moving at a constant speed through a viscous fluid. In the present instance, this balance is written in the form ρ cell = ρ medium + (6πμvr)/gV, where ρ cell is the density of a cell, ρ medium is the density of the medium, μ is the dynamic viscosity of the medium, v is the rate at which the cell settles, r is the radius of the cell, and V is the volume of the cell.
Thus, based on the volume of the toroid and the density of individual cells, we calculated that a toroid of 21,000 NHFs has a mass of 4.36 μg and a toroid of the same number of H35s has a mass of 6.98 μg.
Microscopy. To capture side-view images, a Mitutoyo FS110 microscope was modified to lie on its back and a translational stage was added to hold samples. Samples were imaged in bright field through the eyepiece of the microscope. ImageJ software (National Institutes of Health) was used to measure the height of the toroid, the major radius and minor radius of the toroid, and the slope of the conical pegs.
